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INTRODUCTION

Coffee leaf rust (CLR) is the most destructive coffee disease
in the world (Luaces et al,, 2011) and has negatively impacted
coffee production since the late 1800s (McCook, 2006). CLR
damages coffee plants and decreases yields, which in turn
reduces labor, influences wages, affects market prices, and
inhibits farmers' ability to manage their farms. The cumulative
effects reduce farmer income, affecting livelihoods and food
security, and force some to abandon their farms or switch to
different crops altogether (WCR, 2014).

In recent years, CLR epidemics have been particularly
damaging in Latin American and the Caribbean (Avelino et al,,
2015). In 2012-2013, CLR epidemics cost farmers in these
regions an estimated $500 million in lost production alone
(ICO, 2013) and led to reduced production for at least two
years (Avelino et al., 2015). Efforts to minimize the impacts of
future outbreaks have led to research on new coffee varieties
and, in the case of Colombia, large-scale programs to replace
susceptible varieties with more resistant ones (De Silva and
Tisdell, 1988; Arneson, 2000; Avelino et al., 2015). Capacity-
building efforts that enable better management also have
been implemented (e.g. De Silva and Tisdell, 1988; Staver et
al., 2001; Shiomi et al., 2002; Santamaria and Bayman, 2005;
Jackson et al., 2012; Zambolim et al., 2016). These effots will
be aided by the development of early warning systems (e.g.
Alves et al., 2011; Luaces et al., 2011; Perez-Ariza et al., 2012;
Avelino et al.,, 2015) and decision-support tools (e.g. Meira et
al., 2009; Cintra et al., 2011). The provision of climate-related
information has been offered as a vital element in these
efforts (Avelino et al., 2015).

The causes of and responses to CLR are complex and
demonstrate the multi-faceted relationship between
disease characteristics, environmental conditions, climate
and weather triggers, and the human actions that promote
or hinder the disease. Although there are many factors

to consider when managing CLR, climate and weather
information has the potential to help farmers with disease
management, but has thus far been under used. This
document is step toward assessing the state of knowledge
roles of weather and climate in supporting the growth and
spread of CLR It draws from more than 50 peer-reviewed
articles, reports, and presentations related to CLR and coffee
management to provide a summary of the current state of
knowledge on the climate and weather influences on CLR.

CLR Lire CycLE

CLR is caused by the fungus Hemileia vastatrix, which is an
obligate parasite; it requires a host—coffee—to survive and
reproduce. The fungus begins its life cycle as a microscopic
spore. Spores deposited on the underside of a coffee leaf
during favorable weather conditions will germinate and infect
the leaf, penetrating it through the stomata and growing, or
colonizing the leaf, to extract nutrients (Nutman and Roberts,
1970; Arneson, 2000; Kolmer et al., 2009). Once the spores
begin germinating, the infection process usually is completed

within 24 to 48 hours, provided there is a continuous
presence of moisture and the temperature ranges between
15 and 30 degrees Celsius. After infection, the fungus will
grow and produce new spores in about three to four weeks
(Moraes et al.,, 1976 cited in Zambolim et al., 2016). The time
needed for germination, infection, and the production of new
spores, and the extent of the infection are largely determined
by weather conditions, particularly temperature and moisture
(e.g., Rayner, 1961; Avelino et al., 2004); the damage caused
to the leaf during the infection process is also dependent on
plant health (Rayner, 1961; Bock, 1962; Nutman and Roberts,
1963). Water plays a key role in the fungus's survival and
reproduction, but in the absence of water, dry spores can
survive on leaves for about six weeks (Arneson, 2000).

The first signs of infection are pale yellow spots on the under
side of the coffee leaves, which gradually increase in diameter,
forming lesions that are orange and powdery (Arneson,

2000; Figure 1). The lesions tend to be concentrated toward
the margins of the leaves where dew and rain-drops collect
(Arneson, 2000). Over time, the area surrounding the

lesions typically becomes discolored as the fungus inhibits
production of chlorophyll; however, sometimes the contrary is
seen—particularly in older leaves—where a green halo forms
around the lesions. This in turn impedes photosynthesis

in the infected leaf, depriving it of nutrients and causing it

to drop from the plant prematurely. The loss of leaves can
hinder branch growth and decrease crop yield, most acutely
during the season following infection (Avelino, 2013).

CLIMATE, WEATHER, AND CoFFEE LEAF RusT

The primary weather-related variables that affect CLR include
temperature, moisture, and wind. These variables influence
CLR at difference stages in its life cycle: temperature affects
germination, infection, and the time required for the fungus
to produce new spores; moisture (in the form of soil moisture,
leaf wetness, or rainfall) affects germination, infection, and
spore dispersal; and wind primarily affects dispersal, though it
can influence temperature and moisture as well (Figure 1).

The CLR life cycle is also influenced by factors other than
climate and weather that are important at different stages.
For example, stomatal density affects the fungus's ability to
penetrate the leaf; if the density of stomata on the underside
of leaves is high, then there are more areas where the fungus
can penetrate into the leaf and form lesions that produce
spores (Silva et al., 1998; Avelino et al., 2004). Other factors
such as fruit load also play a role in the disease. Each of these
factors are influenced by management practices, creating a
dynamic and complex environment in which CLR proliferates.
Additional non-climate and weather variables are discussed
further down; however, the focus of this factsheet is on the
climate and weather influences on CLR. By influencing these
climate and weather variables, shade, though not directly
weather-related, has both positive and negative effects on
CLR and is therefore discussed throughout.



TEMPERATURE
Germination and infection

Temperature plays a significant role in several lifecycle states
(Figure 1), in addition to affecting pathogen survival and the
plant’s ability to respond to the infection (Sutton et al., 1984;
Alves et al., 2011). Temperature most strongly influences
germination and infection (i.e. penetration and colonization)
(Nutman and Roberts, 1963). Specifically, during germination,
CLR is most affected by daily minimum and maximum
temperatures, diurnal temperature variation (the difference
between the high and low temperatures that occur during the
same day) and the frequency of cold nights and warm days.

Optimal temperatures for spore germination and infection
are between about 21 and 25 degrees C (Waller, 1982;
Kushalappa et al., 1983; De Jong et al., 1987), although some
researchers have specified a narrower optimum of about

22 to 24 degrees C for Arabica and Conilon coffee (De Jong
etal., 1987; Capucho et al,, 2013). Temperatures below 18
degrees C and above 28 degrees C delay the production of
new spores (Zambolim et al., 2005 cited in Zambolim et al.,
2016), while temperatures below 15 degrees C and above 30
degrees C more severely suppress germination and infection
(Rayner, 1961; Nutman and Roberts, 1963; Kushalappa

et al, 1983; De Jong et al., 1987). As average minimum
temperatures (typically experienced at night) increase, the
incidence and severity of CLR epidemics also increases.
Conversely, the more frequently temperatures fall below the
minimum threshold of 15 degrees C, the lower the infection
rate and severity of CLR (Brown, 1995).

Geographical influences on temperature

Temperature is largely influenced by geography: higher
elevations are cooler than lower elevations, and shaded areas

FIGURE 1. | INFLUENCES OF CLIMATE AND
WEATHER VARIABLES ON DIFFERENT CLR
LIFE CYCLE STAGES; FIGURE MODIFIED
FROM AVELINO ET AL., 2014. COLORS
DENOTE CLIMATE-RELATED INFLUENCED.

are cooler than non-shaded areas. As a result, the incidence
of CLR historically has varied by elevation; temperatures at
higher elevations are below optimal for CLR and temperature
fluctuation is greater throughout the day (Bock, 1962; Brown
et al, 1995; Avelino et al.,, 2006; Lopez-Bravo et al., 2012).
However, increased global temperatures have made higher
elevations more hospitable to CLR in recent years (Avelino

et al,, 2015). With the expectation that temperatures will
continue to rise in the future, more areas at higher elevations
likely will become favorable to CLR (Alves, 2011).

Influences of shade on Temperature

In general, where CLR is present, shaded areas tend to create
environments closer to the optimum temperature for CLR,
while temperatures in unshaded areas are more likely to be
less ideal for rust spore germination and infection (Lopez-
Bravo et al., 2012). Unshaded coffee also receives more direct
solar radiation, which can also be damaging to the disease
(Avelino et al.,, 2004).

WATER
Germination and Infection

Moisture plays a key role in the progress of CLR, affecting the
germination, infection, and spread of spores and the overall
health of the coffee plants (Avelino et al., 2006). Although high
humidity ( greater than 80 percent) for 24 hours or longer
increases spore germination and rust infection (Capucho

et al, 2013), humidity by itself in the absence of free water

is not enough (Kushalappa et al., 1983; Avelino et al., 2006).
Free water on the leaves for at least six hours is necessary
for spore germination and infection, although germination



alone can occur in as little as three hours if spores are fresh
and conditions are optimal (Rayner, 1961), and continuous
leaf wetness for 20 hours is optimal for high infection rates
greater than 80 percent (Kushalappa et al., 1983). Additionally,
the longer leaves remain wet, the greater the severity of

the disease and thus damage to the plant (Kushalappa and
Chaves, 1980 cited in Zambolim et al., 2016). Any interruption
of spore germination by drying—even if the leaves are re-
wetted—will prevent infection (Nutman and Roberts, 1963).

The timing of rainfall is also important to rust development
(Kushalappa and Eskes, 1989). There is some evidence that
an early onset of the rainy season can lead to a longer period
during which CLR can thrive, resulting in greater damage

to coffee crops and plants later in the year (Rayner, 1967,
Georgiou et al.,, 2014).

Effects on plant recovery

Based on observations that irrigated coffee trees tend to
have more rust than trees under water stress (Hoogstraten
et al,, 1983), high soil moisture is thought to increase the rate
of infection and the rate at which new spores are produced.
Although this may seem counterintuitive, as high soil moisture
might indicate low water-stress for the plant, saturated soils
may actually inhibit the plant's ability take in nutrients, thus
slowing growth and recovery from CLR infection (Cristancho
et al, 2012). The increased rate of infection in conditions

of high soil moisture and humidity may also be due to the
increased opening of leaf stomata, which makes the leaves
more susceptible to penetration by the CLR fungus.

Dispersal

Water also plays a critical role in the local dispersal of CLR
spores. When it rains, rust spores are dislodged from leaves
and carried in water droplets to other leaves on the same
plant or sometimes to other plants. This mechanism is known
as “rain splash” and is responsible for CLR spore dispersal
over short distances (Burdekin, 1960; Nutman et al., 1960;
Bock 1962; Boudrot et al., 2016). More rain, however, does
not always mean more rust. Heavy, continuous rains may
actually not be conducive to outbreaks of CLR because in
these conditions spores can be washed off leaves entirely,
reducing spread to other plants and severity of the disease
(Avelino, 2013).

Influences of shade on moisture and dispersal via rain splash

Shade can help maintain a humid environment for plants,
which keeps leaves wet for longer and can increase CLR
infection (Rayner, 1961; Nutman and Roberts, 1963; Avelino,
2006). Shade may also increase spore dispersal via rain
splash, because water collected on shade trees may cause
larger rain drops moving at faster speeds to hit coffee plants,
thus dislodging more spores than if shade trees were not
present (Boudrot et al., 2016).

WiND

Dispersal

Wind plays an important role in spore dispersal (e.g. Rayner,
1961; Burdekin, 1960; Martinez et al., 1975) and may also
affect leaf wetness and overall plant health. Wind needs to
be sufficiently strong (greater than about 7mph) to dislodge
spores from leaves and transport them to other plants
(Rayner, 1961) and higher speed winds tend to transport
larger quantities of spores than slower winds (Martinez et

al., 1977). But, once this occurs, wind can carry spores up to
1000 meters into the air and over distances of hundreds to
perhaps thousands of kilometers. However, infection is more
likely when clusters of spores germinate together (rather
than as individual spores), so over long distances spores may
become too dispersed to effectively spread the disease (Bock,
1962).

When humidity is high or when it is raining, spores cannot be
easily carried in the air (Becker, 1977 cited in Waller, 1982;
Martinez et al.,, 1977). Rain is the primary mechanism by
which spores are removed from the air and returned to the
land (Martinez et al., 1975).

Wind can also affect plant health. Storms and hurricanes
often severely damage coffee trees and reduce coffee yields
(Eakin et al., 2011). Plants that are stressed by storm damage
may be more susceptible to CLR and other disease. Shade
trees, however, can decrease wind speed and help prevent
damage to coffee trees, which help them be more resistant to
diseases and pests (Lopez-Bravo et al., 2012).

Shade influence on wind

Under calm conditions or in wind-protected areas—
particularly in the shade—temperatures are more likely

to remain in the optimal range and leaves may stay wet
longer, thereby leading to CLR-favorable conditions (Avelino
et al., 2004). Reduced wind may also allow more water to
accumulate on leaves, which may enhance dispersal by rain
splash (Boudrot et al., 2016). However, reduced wind speed
under shade also reduces wind dispersal of rust spores
(Boudrot et al., 2016).

OTHER FAcTORS INFLUENCING CLR

In addition to climate and weather, a number of other factors
related to agricultural practices and other environmental
stressors influence incidence and severity of CLR in any given
place or time. These include coffee plant exposure to shade
or sun, the density of coffee plants, the amount of viable

CLR spores remaining from the previous year, soil quality,
and human dispersal of spores. Additionally, some varieties
of coffee—particularly Arabica—are more susceptible to
infection than others.

Agricultural practices: Shade, plant density, and human
dispersal mechanisms

Shade has counteracting influences on CLR that make
it challenging to assess the net effect. Shade affects



temperature, moisture, and wind, as well as crop yield, plant characteristics, and biological controls of CLR (Table 1). The
combined effects of shade on CLR illustrate the numerous interactions and countering effects that alter environmental
conditions and present challenges for CLR management efforts (Boudrot et al., 2016).

Influences Of Shade
on Weather Factors

Increase or Decrease

Rationale

Temperature

Shade can moderate temperature by blocking
direct sunlight and wind, leading to higher and
low minimum and maximum temperatures than
non-shaded areas.

Leaf Wetness

+

Soil Moisture

Shade tends to maintain humid environments,
allowing leaves and soil to stay wet longer.

Rain Splash

Shaded areas tend to cause raindrops to be
larger and fall harder on plants during heavy
downpours than non-shaded areas, causing
spores to be more easily dislodged from leaves.

In light rains, shade may intercept the raindrops
entirely preventing rain splash.

Dew

Shade tends to reduce the amount of dew
that gathers on leaves, which can support CLR
development.

Wind Dispersal of Spores

In light rains, shade may intercept the raindrops
entirely preventing rain splash.

Stomatal Density

Under shade, the number of stomata per unit of
area (the density) tends to be less than on plants
in full sun.

Lecanicillium Lecanii

Shade provides more optimal conditions for the
fungus Lecanicillium lecanii, which is a predator
to CLR.

Fruit Load

Shade-grown coffee tends to produce less

fruit than plants grown in full sun. This can

help plants be more resistant to CLR; however,
following years with high-yields, plants grown in
full sun tend to experience lower production.

Radiation

Solar radiation is harmful to CLR. Plants in the
shade receive less direct radiation, which allows
CLR to develop more easily.

Leaves in full sun are more susceptible to CLR
than those in the shade.

Leaf Area Index

Under shade, leaves tend to be larger than
on plants in full sun, which provides a larger
surface area onto which CLR spores can land
and develop.

TABLE 1. THE INFLUENCE OF SHADE ON
WEATHER AND NON-WEATHER FACTORS
(+ INDICATES AN INCREASE IN RUST; -
INDICATES A DECREASE IN RUST)

As discussed previously, shade can create optimal
temperature and moisture conditions for CLR, with the
exception of dew, which tends to be less prevalent in shade
(Avelino et al.,, 2004), but has differing effects on spore
dispersal depending on moisture conditions. Moisture
decreases spore dispersal by when conditions are dry and
increases dispersal by rain splash during wet conditions.
Additionally, shade can prevent wind damage to plants that
otherwise would make them less resistant to the disease.

Shade also affects non-weather factors. Shade suppresses
CLR by decreasing stomatal density (Avelino et al., 2004),

which creates optimal conditions for another fungus,
Lecanicillium lacanii, a natural parasite of the CLR fungus
(Soto-Pinto et al.,, 2002; Staver et al., 2001; Shiomi et al.,
2006; Jackson et al., 2012), and by reducing coffee crop yield
(Avelino et al.,, 2006; Lopez-Bravo et al., 2012). Higher yield,
or “fruit load,” is associated with higher incidence of CLR, and
because fruit loads tend to be lower under shade, shade can
reduce the incidence of CLR (Avelino et al., 2006; Lopez-Bravo
et al, 2012).When berries are removed before they ripen,
the severity of the infection decreases, possibly because the
plants can contribute more toward resistance instead of
fruiting (Kushalappa and Eskes, 1989). Leaves in full sun are



more susceptible to CLR than leaves in the shade (Eskes,
1982). Conversely, shade can increase the incidence and/or
severity of CLR by reducing solar radiation reaching the coffee
plants and increasing leaf size, which increases the surface
area onto which CLR spores can land (Avelino et al., 2004).

Farms with high coffee plant density tend to experience
more frequent and severe disease outbreaks (Kushalappa
and Eskes, 1989), possibly because the rust spores are
easily transmitted from one plant to another, making control
difficult; scientists have hypothesized that this phenomenon
is due to the increased wetness associated with higher plant
density (Paiva et al., 2011). Farms with greater biodiversity,
however, may experience lower incidence of CLR because
other plants can act as physical barriers to spore dispersal,
help decrease wind speed and rain splash, and create an
environment that is healthier and less prone to diseases and
pests (Soto-Pinto et al., 2002; Avelino et al., 2012).

Although wind and rain splash are important dispersal
mechanisms of CLR spores, humans have also played an
important role in spore dispersal over both short and

long distances. When infected leaves are touched, spores
may be inadvertently transferred to other coffee plants.
Movement of farmers and laborers can spread the disease
throughout a single farm or to other farms that may be far
away (Kushalappa and Eskes, 1989). There is some indication
that CLR incidence is greater close to paths and residences
than in less traveled areas, and new outbreaks may increase
during and after harvests when people tend to come into
contact with coffee plants more frequently (Waller, 1979).
The spread of CLR across continents and oceans is primarily
attributed to the transport of contaminated coffee seeds
and plant materials, and to the movement of workers
throughout a region (Kushalappa and Eskes, 1989). Scientists
have hypothesized that wind transport of CLR may also have
played a role in long-distance transport (Bowden et al., 1971),
but there is no clear evidence of this to date.

Environmental stressors: Presence of spores, soil quality,
and disease

The incidence and severity of CLR in one year may also play

a significant role in outbreak intensity the following year,
however there are conflicting findings in this regard. Some
studies find that when incidence is high one year, more rust
spores are available to spread to other leaves and plants the
following year, thereby causing more outbreaks (Nutman and
Roberts, 1970; Kushalappa and Eskes, 1989). The abundance
of rust spores also affects the severity of the disease; more
rust spores on any given leaf or plant leads to more severe
damage (Kushalappa and Chaves, 1980 cited in Zambolim et
al., 2016). More recently, however, it has been suggested that
a low incidence is expected the year after a severe epidemic
for two reasons: coffee yield has a biennial rhythm—when
yield is high one year it tends to be lower on a given plant the
next year—and severe epidemics cause intense defoliation,

which reduces the amount of inoculum (Avelino et al., 2015).

Acidic soil can interfere with the uptake of nutrients, such
as calcium, magnesium, and copper, making plants more
vulnerable to CLR damage (Avelino et al. 2006). Other
diseases that affect the coffee plant can weaken the plants
and make them more vulnerable to CLR.

Other diseases that affect coffee can weaken the plants and
make them more vulnerable to CLR.

CHANGES IN SEASONAL AND LONGER-TERM CLIMATE
Changing climate will have a number of potential negative
impacts on agriculture worldwide, such as reduced crop yield
due to heat stress, drought, extreme precipitation, and loss of
cultivatable land (Solomon et al., 2007). Of greatest concern
to CLR management efforts are the impacts of climate change
on temperature and precipitation that will likely increase the
incidence of CLR in the future (Avelino et al., 2015).

Warmer temperatures due to climate changes, particularly
higher minimum temperatures, may create more favorable
conditions for CLR in many coffee-growing regions and may
also expand CLR's range into higher elevations (Avelino, 2013).
Also, some coffee species grow best at temperatures below
the optimum for CLR. For example, optimum temperatures
for Arabica coffee—the most widely cultivated coffee species
worldwide—are 18 to 21 degrees C. Higher temperatures
can cause flowers to drop prematurely or fruit to ripen too
quickly, diminishing the quality of the coffee (DaMatta and
Ramalho, 2006). Therefore, increased average temperatures
could create a double threat to coffee production.

Changes in the onset of rainy seasons may also affect CLR
and plant health, where early onset of rains may extend the
growing season for CLR and late onset may stress plants,
making them more vulnerable to diseases (Georgiou et al,,
2014). CLR outbreaks in Latin America in recent years have
been associated with an earlier onset of the rainy season
and also may have allowed CLR to proliferate more than in
previous years (Georgiou et al., 2014). Changes in the total
amount of precipitation also may affect CLR. However, the
potential impacts of more or less precipitation on the disease
and coffee plant vulnerability are not yet well understood.

Because climate change also affects seasonal climate
variability, it is also possible that the range of temperatures
and frequency and amount of precipitation can be affected
in unexpected ways. For example, CLR outbreaks in
Colombia in 2012-2013 have been attributed in part to
above-normal minimum temperatures and below-normal
maximum temperatures (Cristancho et al.,, 2012). This
period was associated with La Nifia conditions; for Colombia,
other parts of northern South America, Central America,
and the Caribbean, that meant increased cloud cover and
precipitation and thus decreased solar radiation and a
narrower range between daily maximum and minimum
temperatures (Cristancho et al., 2012). These conditions led
to more days with optimal conditions for CLR proliferation



and potentially to shorter periods between plant infection and the development of new spores that could infect plants
(Georgiou et al,, 2014). It is unclear how climate change will affect the frequency and magnitude of El Nifio and La Nifia events,
which exert a principal control on seasonal variability in many coffee-producing regions.

Less understood are the impacts of other new environmental conditions associated with climate change. Higher
concentrations of carbon dioxide have been found to decrease the time between infection and production of new spores in
laboratory conditions (Mendes, 2009; Ghini et al., 2011). If this occurs in natural conditions as well, it may speed up the disease
cycle and lead to more severe outbreaks in the future.

CoNcLUSIONS

The ability of farmers to manage CLR requires identifying early signs of the disease and being able to respond accordingly.
Understanding the climate and weather connections to CLR outbreaks may allow farmers to prepare for and manage the
disease more effectively, and ultimately reduce crop losses. Understanding the climate-CLR connection is especially important
given that global climate change is likely to affect the incidence and severity of the disease in the near future.
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